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SUMMARY ‘
Theobservediscrepancyat supersonicspeedsbetweentheoretical
andapparentexperimentalverageflatplatefriction-dragcoefficients
calculatedfromboundarylayert~tal-pressuresurveyswastivestigated.
lHfectsofthetotal-pressureprobe,heattransferthroughtheleading-
edgeregion,changeh leading-edgeradiusandstrengthoftheleading-
edgewave,possiblearlytrausitim,to turbulentflowor “burstsof
turbulence,”andtheslightstreamwisepressure@ient inherentin
flatplateflowweretivestigatedforplatestithverysharpletiing
edges.
Onlyoneofthesefactors,theeffectofthetotal-pressureprobe,
wasfoundtobe si~ific-mt.Total-pressureprobesofdifferenttip .
heights,whenplacedinl-r boundarylayersdevelopingunder
identicalconditicms,werefoundto yielddifferentvaluesoffriction-
dragcoefficient.Extrapolation.fthesemeasurementsindicatesttit
a probeofvmish~ sizewouldyieldthetheoreticallypredicted
valuesofaverageflatplatefriction-dragcoefficients.A correlation
describ~ therelationbetweenthefriction-dragdiscrepmcyandthe
probetipheightispresented.
lIHRODUCTIOI’?
Mostavailableexperimentalvaluesofaveragefriotion-drag
coefficientforleminarflatplateflowhavebeenobtainedby total-
pressuresurveysoftheboundaqlayer.Resultsreportedti”refer-
ences1 to3.comislxmtlytidicatedragcoefficientshatareinthe
rangeof10to 100percenthighertlvmthevaluespredictedby com-
pressiblelaminarboundarylayertheory.Othermeaswwrnentsmadealcng
thewallofa supersonictunnelbetid a boundarylayer,removalscoop
(ref.4) gavevaluesthatwereevenhigherthanthosefoundinthe
investigationsofreferences1 to 3 at comparableccmditionsofReynolds
number.
. . . .- .-—. . ... .________ . . . . . ___
. — -——. — —. ___ ____ —_. ______ _-
2 NACATN 2891
TheWiderangeofvariabilityoftheexperimentalresultstendsto
ruleoutthepossibilityofattributingthediscre~cybetweentheory
andexperimenttoa deficiencyinthetheoryalone.Furthermore,local
frictioncoefficientsdeterminedfromforcemeasurementsona small
elementseth a platesurfaceshowexcellentagreementw%thboundary
layertheory(ref.5). Thetheoryconsidersboundarylayergrowth
onan imftnitelythinflatplatestartingat zerothicknessatthe
lead~ edgeanddevelop~ intoa flowwithzeropressuregradient.
~erhmntally,thissituationcanmlybe approxhated.Theprecision
towhichanypartorallofthephysicalsituatimhypothesizedtnthe
theoryisreproducedmayinfluencethesizeofthemeasurediscrepancy.
An analysisoflocalfrictioncoefficientbasedonthemeasured
loundarylayerMachnumberdistributionledtheauthorsofreference3
to concludethattheboundarylayerairsuffersa momentumlossnear
theplateleadtigedge.A ccmsiderationfthepressuredistrilnzticn
overthelead~-edgeregion,basedontheblunt-bcxlytheoryof
reference6, showsthatsucha lossshouldoccurandthatitwillbe
directlyproportionaltotheradiusoftheedge.Thediscrepancies
h averagefrictioncoefficientreportedinreference3 areatmost
~ ttieslargerthantho~eshownIn;eference1. Theleading-edge
radii,however,differedby a factorof 10. Consequently,factors
otherthanthelead--edgepressuredragmustle involvedinthe
observediscrepancy.
Themeasmedmomentumdiscrepancyouldbe’attributedto anyof
a numberofcauses,forexample,heattransfer’throughthethin
lead--edgeregionoftheplate,momentarytransitimtoturbulence,
thatis,“burstsofturbulence”(ref.7),or aninstrumenterrorinthe
formofa probeinterferenceeffectora misinterpretationofthepres-
surereading.It isthepurposeofthisreporttopresenthefindings
of aninvestigationoftheseandothereffectswhichmightaccountfor
thedifferenceb tweentheoryandexperiment.
Thistivestigatimconsistbdprincipallyofan experimentalstudy
oftheboundarylayerona flatplateandan evaluatimofthe
measuringtechnique.Total-pressuresurveysoftheboundarylayer
weremadeatMachnumbersof2 and3 overa’rangeofRe~oldsnumber
at severaldistmcesfromtheplateleadingedge.Severaleading-
edgeradiiwereusedontheflatplatesanda systematicvariation
oftotal-pressureprobetipheightwasmade. Thesemeasurementswere
madeh twodifferenttestfacilitiesat theEACALewtslaboratory..
TheauthorsaretidebtedtoMr.JohnW.
manyoftheexperimentalmeasurements.
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Thehoun.darylayermeasurementswere~de
3
onflat-platemodelsin
twosupersonicwind.tunnels.Tunnel1 had-atestsectionof
3.84by 10tithesanda nomtaalfree-streamllachnumberof2. The
testsecticmoftunnel2 measured4 hy 4 inches,anditsnominal
free-streamMachnumberwas3. Airtobothtunnelswassuppliedat
a maximumstagnationpressureof50 inchesofmercuryabsolute.The
supplyairtemperature(aheadofheaters)was-20°F fortunnel1 and
-70°F fortunnel2,thusinsuringa dewpetitsufficientlyowto
obtainccmdensation-freeflow.Thetunnelsefiautiedto a pressureof
about3 inchesofmercuryabsolute.
Alltotalpressuresintheboundaqlayerweremeasuredona
mercurywell-typemanometer.Staticpressuresweremeasuredonbutyl
phthalatemanometerswithhighvacuumreferencepressures.Temperature
measurementswereindicatedana self-balancingpotentiometer.
Thetestplateusedintunnel1 was6 titheslong,3.84tithes
wide,and0.25inchthick.Theplateusedintunnel2 measured
8 by4by 0.25inch.Thetop(test)surfacesofbothplateswereflat
andthesurfacerouglnessdidnotexceeda valueof8 microfichesrms.
Rubbersealswereprovidedbetweent-heplatesandthetunnelsidewalls
topreventflowbetweenthetopandbottomsurfaces.
Theplateusedtitunnel1 hada leading-edgeradiusofcurvature
oflessthan0.0005tich,asdetemntiedona comparatorf oma section
ofa moldingplastercastoftheleading-edger gion(a50Xmagnificat-
ion oftheleading-edger gionshowedthatthenbseoftheplatewas
nearlysemicircular,sothatdefinitionofleading-edgeradiuswas
justified).Thebottomsurfaceoftheplatewaschamferedtoanangle
of12°h theleading-andtrailing-edger gions.
In ordertodetezminethepressuregradientandthetemperature
alongtheplate,15 static-pressuretapsand6 thermocoupleswere
locatedintheplatesurface,as’showninfigure1. Theplatewas
suppofiedby pivotsanda stinginomiertopermitchangesinangle
ofattack.
Theradiusofcurvatureoftheleadingedgeoftheplateusedin
tunnel2 waslessthan0.0005tichforseveralteats,luta larger
radiusof cuvature,oftheorderof0.001to 0.002Inch,wasusedh
mostofthetests.Thebottomsurfacewaschamferedto anangleof
10.6°.Static-pressuretapswereinstalledintheplatesurface
2.38and3.38inchesfrcmtheplateleadingedgeand0.25tichfrom
theplatecenterline.
.
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Detailsofthetotal-pressureprobesusedto surveytheboundary
layerareshowninfigure2. A rangeofprobetipheightsfrom
0.003to 0.016inchisrepresented.Distancefromtheplatesurface
tothebottomoftheprobetipwasmeasuredwitha micraneterandis
cmsideredaccurateto 0.0005inch.Contactoftheprobewiththe
platesurfacewasindic%tedelectrically(seeref.1).
Onlyprobe3 (seetable,fig.2)wasusedintunnel1. Total-
pressuresurveysofthebounderylayerweremadewiththeprobetip
located$> 1$,md 2+ inchesfromtheplateleadingedgewiththeplate
.
at zeroangleofattack,andtiththeprobetiplocated~ inchesfrom
theleadingedgeatm angleofattackof -5°. Foreachprobelocation,
theinletstagnaticmpressurswasvariedfromabout15to 40 inchesof
mercuryabsolute.The.inletairwasheatedto a stagnationtemperature
rang% between80°and90°F.
Probes1,2,4,ad 5 wereusedintunnel2,md boundar~hyer
surveysweremadewiththeprobetiplocated2:and~ inchesfromthe
.
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plateleadhgedge.TheinletstagnationpressurewasvariedI?rmn
20to 40 inchesofmercuryabsolute,whiletheinlettemperaturewas
heldat 102°F.
,
Platestaticpressuresandsurfacetemperatureswererecorded
beforeandaftereachbound~ layersurvey.Allsurveyswprestarted
attheplatesurface. 1
.
DATAREDUCTION
Calculatimofmomentumlossintheboundarylayerrequiresthe
evaluatimofmassflow PU andmomentumPU2 oftheboundarylayer
air. W ordertoreducethecalculationstepsrequiredto obtain
thesequantitiesfromtheexperimentallydetemdnedvaluesofstatic
andpitotpressure,thefollmmlngdimensionlessparameterswereused
(ref.8):
.—
“-& velocityparameter
p=&& mass-flowparameter
P
where T isthetotaltemperate. (Allsymbolsusedinthisreport
aredeftiedinappendixA.) Themass-flowparameterwasintroducedin
reciprocalformas a static-pressureparameterinreference8. These
>
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.—— ———. .. —_. ._. .__ ..___ .. . ..._ ____.-_-a
NACA@l 2891 -
F parameterscanbe shownto.be uniquelydetem~ bY the~tio of static
topitotpressurep/H. Thecalculationsof u, p,and @ = pu2/pfrom
. p/H weremadeby IPMmach3nesinthemannerdescribedinappendixB.
Typicalaminarboundmylayerprofilesofthevelocity,mass-flow,~d
momentumparametersareshowninfigures3 to 5 forseveralReynolds
numbers.Thesedatarepresentalltheboundarylayersurveysmadewith
pro%e4. Duplicatesurveysunderidenticalconditionsaredistinguished
by openandsolidpoints.Therewasa slightlackofreproducibility,
~ as isapparentinthesefigures,foralltheboundarylayersurveysmade.
N
Themomentumthiclmess13expressedintermsoftheparametersa
and ~ iS
‘=J%WHNY ‘ ‘1)
Withtheconventimalassumptionthatstaticpressureisconstmtthrough
theboundarylayer,theratio p/pi is1. TQedistributionftotal
temperatureisalsorequiredto evaluatetheecluaticmfor 9. Because
—
notemperaturesurveysweremade,
totaltemperaturewasusedinall
assumptiononthecalculationf
CalculatlmErrors.
Thetotal-pressurereadings,
centerofthetube,weretakenat
thestiplif@gassumptionofa constant
calculations.The,effectofthis
13isdiscussedinthesection
assumedto existatthegeometric
equdllyspacedistancesfromtheplate
surface.Itwastherpfcwepossibleto integratetheequaticmfor 8
numericallywiththe a and ~ calculatedfromtheorighaldata.
Valuesfortheintegralsof P and a-$wergobtainedforeveryother
pointoftheoriginaldatausingStirling’srule.
A ‘!runningvalue”ofmomentumthiclmess8Y wasdefinedby replacing
thefree-streamquantitiessubscripted1 inequaticm(1)withvalues -
measuredattheordinatey,denotedby a subscripty h equatim(2),
andcarryhgthetitegrationuttothelimity.
Theratiosofpressureandtemperat&wereelmted h equation(2).
by theassumptionsof constmtstaticpressureandtotaltemperature
throughtheboundarylayer.
Themethodjustdescribedofcalculatinga profileof
‘Y rather
thanpredetemntiingthefree-streamvelocityemdtemperatureorMach
.—. —.- —...—_—_.___________
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nmnberaswasdoneb references1 to 3 showsthedependenceof O on .
thechoiceoffree-streamconditions.Theprofilesof Oy shown I
infigure6 attatia peekvaluebeforereachingtheedgeoftheboundary
layerandthendecrease,approachinga ccnstantinthestreamfarfrom
-,
theplatesurface.Valuesof 8 usedto calculatefriction-drag
coefficientswerechosenatthepetitwherethevelocitygradientfirst
becamezero..Averageflatplatefrictioncoefficientswerecalculated
fromtheK&mm‘-momdxzmequation
Integrationf cf over a lengthofboundarylayerrun
Cf (3)
x fieldsthe I
averagefriction-dragcoefficient.Fortheeaseofa zeropressure {
gradienthemomentumequation(3)maybe readilyintegrated,yielding 1:
Cf= 2e/x fortheaveragefriction-dragcoefficient. 1’\{’
1
,j
l@ertientalErrms
Staticpressure.- Pressuresmeasuredwitha differentialmanometer
boardusingbutylphthalateasa workingfluidm be readto an ecluiv-
alentaccuracyofbetterthan+3.005inchofmercury.Fortherangeof
staticpressuresinthetestsectionsofthewindtunnelsusedforthese
.,
measurements,thisaccuracycorrespondedto a determinationofthestatic
pressurewithinQ.8’percqntorless.
A calculationwasmadeoftheeffectofan errorh staticpressure
ata Machnumberof3 onthequantity~ ~ usingthetheoryof
reference9.‘AssumedvaluesofReynoldsnumbe;,Tl,p,and x which
werecomparablewiththoseoftheexperimentalinvestigationwereused
to calculatea theoreticalMachnumberdistributionthroughtheboundary
layer.A profileof p/H wasthenfoundfromtheRayleighequationmd
theMachnumberdistribution.Multiplicationofthe p/H curveby a
newvalueofstaticpressuredividedbytheoriginalassumedvaluegave
a newdistributionf p/H againsty whichwqsusedto oalculatea ,
newvalueof 19Inthemannerdescribedfora measuredprofile.A
Reynoldsnumbercorrespond-totheerroneousstaticpressurewasalso
oaifwlated.Theresul;sof;hiserrorcalculationarepresentedin “
figure7.
.
A similarerrorcalculationwasmadeushg expertientallydetemdned
distributionsof p/H ratherthanthetheoreticalprofileofreference4.
.
.— —.
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Curvesshowingtheerrorin ~
~ caus~bY an errorh static
pressureusingmeasuredprofilesfortwodifferentprobesizesarealso
plottedinfigure7. Theshapeoftheloundarylayer,profileapparently
hasa largeeffectontheerror.Thesmallestprobeused(probe1),
whichmeasureda profileclosestothatofthetheory,showsthesame
. trendofan errorh & & Itithstatic-pressureer orasioesthe
wg e~or calculationmddefro&thetheoreticalprofile.Thelargest
N probe (probe5),however,showsa reversetrerid.By eitherofthese
I calculationsa readingerrorof1 percenth staticpkessurewillcause
an errorin $& of1 percentorless.
Total-presswerecord@. - Themaximum,possibleerrorinthe
pressmemeasmedby thepitottubewouldbekO.02tichofmercury.
Thiserrorwouldhe randomlyscatteredthroughthereadingstaken
duringa boundary-layersurvey.No attemptwasmadeto calculatethe
errorin e dueto sucha rmdom scatter.Itwasnoted,however,that
an errorinthebarometerreading,fromwhichthetotal-pressurereadtig
wassubtracted,couldbe as largeas 1/10inchofmercuryandstillaffect,
0 ly lessthan1/2percent.Inthealxmnceofa methodforspecifically
evaluatingtheeffectofa randomreadingerror,thisresultwasassumed
to indicatethata errorinreadingeitherthelarometerorthetotal
pressurecouldheneglected. .
Turbulencelevel.- As showninfigure1 ofreference10,tunnel1
hasa setofturbulencescreensinthesurgetankwherethevelocityis
oftheorderof8 feetpersecond.Thesescreensme followedby a
smoothcontractionf19to 1 tothetunnelthroat.Theinletto
tunnel2 consistsof a l-foot-diameterpipeconnectinga 2-foot-diameter
surgetankto a bellmouth.A contractionf 27to 1 tothetunnelthroat
follows. A dirtfiltermadefrom16thicknessesof cheeseclothwas
placedacrosstheconnectingpipeata pointwheretheairvelocitywaE
about70feetpersecond.
.
,
A conclusioncannotbe maderegardingthelevelsofturbulencein
thetwotunnelsfromthemeasurementstien.Theextremedifference
indesign,however,canbe assumedtohavecausedsubstantially
differentlevels.Theagreementoftheresultsobtainedinthese
tunnelsthusimpliesthatturbulencelevelhasnonoticeableeffect
on f3,atleastwherethelevelofturbulenceisreasonablylow.
Total-pressureprobe.- .!Thepossibilityexiststhata smalltotal-
pressureprobeofthetypeusedforboundarylayersurveysconsistently
readsa valueoftotalpressurethatisinerror,evenoutinthefree
stream.Inorderto determinewhether
conventionalb untnosetotal-pressure
.
suchanerrorexists,a
probe,1/8inchindiameter,was
. . -- . . . ..—————.. ... . .. . ..———-.—-— . —.—— — ..-— —..—————— ._—__ . .
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-(
positionedwithitscenterline1/2inchabovetheplatesurface.The
readingsofthisprobein comparisonwiththereadingsofthevarious
boundarylayerprobeswhentheywerelocated,atthesamepositionin
theflowareshowninfigure8 forthefiveinletpressuresusedinthe
number2 tunnelmeasurements.Thesolidlinesinthefigurerepresent
thereadingsofthel/8-inch-diameterprobe.
Thebound~ylayerprobereadingstendto scatterabouta mean
valueslightlylowerthanthatreadly thelargeprobe.Thelargest
differenceh totalpressuremeasuredby thetwotypesofprobewas
2 percent.Thiscorrespondstoapproximatelyan 0.8percenterrorin
Machnumber,a, p,or L1.
Yawoftotal-pressureprobe.- Eachtimea total-pressureprole
is~talled inthewindtunnel,itisnecessaryto reshinetheprobe
withthestreamdirection..TM.8altiementwasmadebothvisuallyand
by adjustingforthemax3mumtotal-pressurereading.Sticethistype
ofboundarylayertotal-pressureprobeisrelativelytisensitiveto
anglesofyawinthefreestream,itwasdifficulttole certatithq
probewaspointedpreciselyintothestream.Beoausethepossibility
thatanangleofyawmightcausea moreseriouserrorwhentheprobe
isimmersedinthevelocitygradientoftbeloundaryEyer was
recognized,a total-pressuresurveywasmadeforwhichtheprobewas
deliberatelymisalined3°. A runningplotofmmentumthickness
againsty forsurveyat3°yawiscomparedwtththeprofiletaken
withtheprobealinedwiththestreaminfigure9. Thetwocurves
agreewithh lessthantheexperimentalreproducibilityfoundformost
oftheboundary-layersurveys(seesolidandopenpointsoffig.6).
Theactualerrorinaliningthetotal-pressuzeprobewaslessthan
the3°usedinthis-emormeasurementfortheeffectofyaw.
CalculationErrors
Total-temperatureassumptim.- As previouslystateditisnecessary
toassumesomefozmofa total-temperaturedistributionthroughthe
boundarylayerh orderto calculate13.Allthecalculationsforthis
repotiassumeda constantotaltemperature.In orderto evaluatethe
effectofthisassumptimon (3thetheoreticalMachnumberdistributions
intheboundarylayeras calculatedfromreference9 wereusedto obtain
thevaluesof a and ~ necessarytointegrateequation(2).The
differenceb tweencalculatedf3fora constantotaltemperatureand
theoreticale isplottedh figure10intermsofthepercentageerror
in e againstMachnumber.A similarcalculationwasmde withthe
assumptionofa ltiearvariationoftotaltemperatureb tweenthe
theoreticallypredictedwall’temperatureandthefree-streamtotaltem-
perature.Errorsdueto thisfomnofan assumedtemperaturedistribution
arealsoshowninfigure10. It isapparentinthiscasethatthe
.
.
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stiplestemperatureassumptim
numberof2 theerrorisnearly
ata Machnumberof3.
Calculatianf3earsurface.
offigures3 and4, show5ngthe
againsty, showthatthefirst
surfacedonotfallcma mooth
hasbeententativelyattributed
9
givesthebestresults.At a Mmh
zeroanditisstilluqder1 percent
- Thetypicalboundarylayerprofiles
quantitiesB md @ plotted
fewpointsmeasuredneartheplate
curveapproachingtheorigin.(This
to interferenceb tweentheprobeand~
theplate‘&face.)-Undertheassumptimthatthevelocity%t go
to zeroat,theplatesurface,fairingsneglectingthesefewapparmtly
erroneouspointsweremade. llromtheseitwasdetemninedthateither
thefourthorthesixthpotitswouldlieona straightlinethrough
theoriginthatfairsintothe B curveqndona parabolathrough
theoriginthatfairsintothe @ curve.As explatiedinappendixBj
thi~straightltie”andp~abolicvariationof ~ and @ wasusedh
theintegrationfthesequantitiesouttothefourthorsixthpotits.
Beyondthesepoints,Stirlhg’srulewasusedto integratebetweenthe
measuredatapotits.Thismethd offairingiscampati’bletiththe
theoreticallypredictedchangetivelocityanddensityneartheplate
surface.Sincethevelocitynearthesurfacechangeslinearlywhilethe
densityisnewly cmstantfortheconditimofzeroheattransfer,the
The pu2 term,be@ theproductproductPu tillvaryalmostltiearly.
oftwolinearlyvaryingqumtities,lehavesas a parabola.Several
calculations”ofe start- atboththefourthandsixthpotitsofa
profileweremadeto seewhatdifferencethechoiceofstartingpoint
wouldhaveon e. Itwasfoundto affecthecalculatedvalueof El
ly about0.5percent.
Probezerolocation.- An errorinsetthgthezerolocatimof
theprobewillcausean errorintheintegralsof ~ and @l asa
resultofthemethd ofcomputationusedforthefirstfewpoints.This
canbe seentromthefollowingsketchof ~ agahst y. Thepoints
whichme eliminatedfromthe.calculationf 0 by thefairingmethcil
arenumbered1,2,and3.
.
,-
.
. ..
—...- ..—- . ..—— .——-—— ..———-—-——.-—-——-—— —-——
—-—.———-—- — —. .
10 , NACATN 2891
l
Y
(
.
I
I
I
Ifthezerosett3ngisoffly ansmountAy,theadditionalcross-hatched
areaboundedbythestraightltietotheoriginandby thebrokenline,
whichistheoriginalcurvedisplacedbytheerrorAy,willte addedto
theintegralof P. It isequalto i34$$ Similarly,for @ the
titegral~flllbe inerrorby Aya4~4T) sothattheerrorin 6 willbe(H+* oThetheoreticalvariationof ~ and @ computedfrom
reference9 foranaverageReynoldsnud%ermd Machnumberofthese
experimentswasueedto calculatethepercentageerrorin 0 duetoan
errorh y at zeroforfairingstartingat severaldistancesfromthe
wall. Theresultsareplottedinfigure11. Theerrorin locatingthe
probezeropositicmfortheyresentmeasurementswaslessthan ,
~. 0005inch,whichamountsto an errorofQ or2 percentin 0 forthe 1:
qe offi@@3 p0int8in Y thatWM3 USea.
Thefolluwingtablesummarizesthemaximumvaluesofallpossible I
errorsin 0: ,,
,,
.
.—. _—___
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Cause oferror Error
coIn
F
N
,
(percent)
Staticpressure Hoo
Total-pressureprobe -0.8
Total-temperatureassumption] -0.7
Probezerolocation Q.6
Totalerrorh 13 +1.1
-4.1
Itwasnecessarytotaketheerrorin ~ & causedby m errorti
staticpressuretobe thesameastheerrorti 13forthisestimate.
Thereproducibilityseeninfigure6 iswithh therangeofthismax-
tiumtotalerror.
KE3JZ!TSANDDISCUSSION
Averageflat-platefriction-dragcoefficients2E1/xwerecomputed
forallmeasuredtotal-pressureprofilesandareplottedagatistlocal
streamReynoldsnumberR% onlogarithmiccoordhatesinfigure12.
A theoreticalvariationof 26/x againstRex obtainedfromreference9
isalsoshownh figure12andappliesforboth Ml = 2 and Ml = 3
undertheinlettemperatureconditicmsofthesetests.Themeasured
valuesof 20/x arefrom5 to 65percenthigherthanthosepredictedby
theory.Thesehighvaluesoffrictian-dragcoefficientmightbe
attributedtotransitiontoturbulentflow,to theslightlongitudinal
pressuregradientinherento fluwovera flatplate,toa momentumloss
originatingattheleadingedgeoftheplate,toheattransferthrough
theleading-edger gion,ortoan effectofthetotal-pressureprobe.
Transitionfrcml&minartoturbulentflow.- In ordertodetemuine
theextentofthelainarboundarylayer,theinletstagnationpressure
wasvariedwhilethetotal-pressureprobewasheldina fixedposition
intheboundarylayer.As longastheboundarylayerislamhar,points
ona plotof 0$ agatisthesimil~ityparametery~~ shouldfall
neara universalcurveregazillessofthevalueof y. Anylargedeviation
fromthiscurve,whichoccursatdifferentvaluesof @ dependingon
thedistancey fromtheplatesurface,indicates%ransitionfromlaminar
toturbulentflow.Typicaltransitioncurvesobtainedh tunnel2 at
x = $ tithesareshowninfigure13togetherwitha conventional@l
profile.Transitionoccursat Rex--106. Allresultspresentedinthis
reportwereobtainedatReynoldsnumberslessthanthe-transition
Reynoldsnumberas indicatedby curves imilartofigure13.
,— —.. . .—._ ..__ -._-—. —_.. . _—. —--- .. _____ . . .. —___ _____ —. ..._ ,_____ . .
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Thepossibilityhat“burstsofturbulence”(ref.7)arerespon-
sibleforthemomentumdiscrepancywhilethemeanvalueofthepro-
filesdidnotexhibitransitionaltendencieswasalsoinvestigated.
A low-rangepressuretransducerwasccmnectedtothetotal-pressure
probewiththeshortestpossiblelengthoftub3ng.Theoutputofthe
transducerwasfedthrougha preamplifierto an oscilloscope.The
systemcouldrespondtopressurefluctuaticmsa fastas 130cycles
persecond.No pressurefluctuations,however,weredetectedatany
petitinthatportionoftheboundarylayer whereprofileswere
obtained. Itthereforeappearsunlikelythatmomentarytrmsitionto
turbulentflowexistedintheReynoldsnumlerrangeoftheseexpertients.
Effectofpressuregraclient.- Pressuredistributionsobtainedon
theflatplateintunnel1 arepresentedinfigure14. Theinitial
expsmsicmandfollowingcompressionneartheleadingedgearecharacter-
isticoftheflatplateflawandarenotiduetoa tunneldisturlxmce.
Thisfactwasestablishedbymovingtheplateupstreamanddownstream‘
fromthetestposition.Thecompressionnearthetrailingedge,
however,iscausedby a tunneldisturbance,butItoccurs2 inches
downstreamofthelastteststation.
Althoughtheactualpressurechangesaremfnor,theyoccurovera
shortdistancex, sothatthepressuregradientsarequitelarge.
Accord- totheory,a pressuregradientaffectsnotonlythemomentum
thicknessbutalsothedragcoefficient,whichinthepresenceof;
pressuregradientisnotequalto 2t3/x,as canbe seenfiomtheK&m&
momentumeqtition(eq,.(3)). ‘
Valuesofmomentumthicknessanddragcoefficientforthepressure
distributicmspresentedinfigure14werecalculatedby themethodof
reference11andccmparedwitha zeropressuregradientsoluticm.
Resultsofthiscomparisonshowedthattheeffectofthepressure
gradientonthemomentumthicknesswasslight(1.6percent),andthat
theerrortitroducedby lettingthedragcoefficientequal 213/xwas
alsoverysmall(2.4percent).
Effectofleadbgedge.- Ifthediscrepancybetweentheoretical
friction-dragcoefficientsandmeasuredragcoefficientsi assumed
tobe duetoan initialmanentumdefectwhi~hhasbeenfalselyattri-
butedto friction,thena changeinleading-edgeometryora change
inthestren@hoftheleadbg-edgewavewouldbe expectedto change
themagnitudeofthisdiscrepancy.Thefollowingtestsweremadeto
checkthisassumption:
Theeffectofthestrengthoftheleading&dgewavewasinvestigated
titunnel1 by changingtheangleofattackoftheplateandthereby
changingthestrengthoftheshockwave. Beoauseoftunnelchoking “
.
I
.
.
.
.
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m
characteristics,theplatemgle couldbe varied
(Anegativemgle ofattackyieldsa compression
. /
A ccqarisonofmlocityprofilesatangles
onlybetween0°and-5°.
attheleadingedge.)
ofattackof 0°and-5°
showsthattheprofileswereunaffectedby thischangeinangleofattack
(fil 15 l
w
Theabscissainfigure15 isthesimilarityparameter
y Ulvlxo Free-streamconditionsforthiscomp@sm wereselectedbehind
theleading-edgeshockwave. Dragcoefficients,whichareplottedin
figure12alsoshownochangewithangleofattack.
It couldbe argued,however,thata detachedwavestandsaheadof
theleadingedge,andthatthemomentumdefectcausedby thepressure
dragofthelead~ edgeisresponsibleforthehighmeasur6drag
coefficients.Onthisbasisitisnotsurprisingthatthedrag
coefficientsshuwno appreciablechangetithangleofattack,andit
wouldbe expectedthattheleading-edgeometryisofprimeimportmce.
Theplateintumnel2 wastherefmetestedwith.anexceedingly
sharpleqdingedge(rZ 0.0005)andwitha somewhatdu-ller,leadingedge
(0.001< r < 0.002).velocityprofilesobtainedwithbothleading-edge
configurationsarepresentedinfigure16,andcorrespondingplotsof
ainst y areshowninfigure17. It isapparenthattheQy %3
differenceb tweenprofilesobtainedwiththedullandsharpleadtigedges
isofthesameorderofmagnitudeasthedifferenceb tweenrepeatruns
withthesameleadingedge(seefigs.3 md 6),andcanthereforebe
attributedto lackofreproducibilityofexpertientaldata. It canbe
concludedthatincreasingtheleading-edgeradiusfromabout0.0005to
about0.0015inchhaslittleorno effectonthemeasuredragcoefficient.
It isthusreasonabletoassumethatthediscrepmciesbetween
theoreticalndmeasuredragcoefficientsfoundtithisinvesti@tion
=e notcausedby a momentumdefectoriginatingintheimmediate
vicinityoftheleadingedge.
Effectofheattransfer.- Themeasuredflat-platedragcoefficients
havebeencomparedwiththeowticaldragcoefficientsforan insulated
flatplate.‘l?hiecomparisonisnotstrictlyvalidbecausetherewillbe
localheattransfertlroughtheleadingedgefkm thechamferedsideof
theplateto thetopoftheplate.An estimatebasedonthetheoryof
reference9 shows,however,thattheeffectofthisheattransferonskin
frictionisabout”O.2perc&tandhencemaybe neg>ected.
turealongthesurfaceoftheplateintunnel1 variedby
30r. Temperaturecoveryfactorsbasedon’thisurface
a valueof0.88,whichisingoodagreementwithprevious
insulatedplates.
-Thetempera- .
lessthan
temperaturehad
experimentscm
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Effectofprobetipheight.- Theeffectofthetotal-pressureprobe “
onmeasuredfriction-dragcoefficientswastivestigatedby-surveyingthe
boundaqlayerunderidenticalconditionswithfourprobeswhichhad
outsideprobetipheightsh rangingfrom0.003to 0.016inch.Itwas :
foundmostccmvenientto correlateresultsofthesemeasurementsonthe
basisofthedifferenceb tweenmeasuredandtheoreticalfriction-dra~
coefficients.
ThisdifferenceZ(e- &y)/xwas
whichisa tunctimofonlythetunnel
valuesof x and h, 2(e- 6@/x was
qb 1“ TypicalCU?XWS Of 2(6- eT)Ix
firstplottedagainstul/vl, ~
inletconditions,andforgiven ulm
foundtobe independentof
agatibtul/v1areshownin
figure18. Thereis,ofcourse,a largeamountofscatter,butit
shouldbe rememberedthatan errorof about2 percentin 6 tillcause
an errorofupto 30percenti 2(e-
~)/x,dependm onthemagnitude
of 2(e- ~)/x. It isevident,however,thatthereisno definite
trendorvariationofpointsinfigure18,andthat,intherangeof
Reynoldsnumbertnves-tigated,2(e-
~)/x canbe consideredconstant
as longas h and x rematiconstant.Thearithmeticmeanofall
pointstaken~titha givenprobeata givenstationwasthereforefound,
andhenceforthonlythismeanvalueof 2(e- eT)/xwillbe used.
.
A plotoftheaveragefriction-dragdiscrepancy2(e- %)/x
againstprobetipheighth ispresentedh figure19. A straightline .
isfairedthrougheachsetofpotitsrepresentinga constantdistanoex
fromthelead- edge.Theexpression
(4)
representsallpointsreasonablywell.Becauseh istheonlyvariable
betweenpointsata givenstation,equatim(4)establishesthatthe
greaterpart,orperhapsall,ofthediscrepancybetweenmeasuredand
theoreticalfriction-dragcoefficientsi causedby thefiniteheightof
thetotal-pressurep obetip. It isevident,however,thatthisprobe
effectdependsalsoonthedistancefromtheleadlngedge.
In orderto deteminequmtitativelythisdependencyon x,
measurementsweremadeintunnel1 atthreevaluesof x witha ccmstant
probetipheight.A logarithmicplotoftheaveragefriction-dragdis-
crepancyfactoragainstdistancefrantheleadingedgeis shownin
figure20. Tointsarewellrepresentedby a straightlineoftheform
.
.
II
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Accordingto equation(4),thismay
by allowingk tobe a functionof
ItisinterestQtonotethat
isnearlytwicetheexponentof h
15
he generalizedto otherprobeheights
h.
theexponentof l/x h equation(5)
inequation(4).Thisfact
immediatelysuggestsa correlationthebasisof h/x2. Itwasfound
thatthecoefficientsofh inequatim(4)andof x inequation(5)
arecompatible,sothatforcorrespmdingvaluesof h and x the
valueacomputedfrcmbotheqzatimswillagree.
Both’setsofdatawerethereforecombtiedandthefriction-drag
discrepancyfactor2(o- ~)/x WM plottedonlogmithmicoordinates
againsth/x2.Thestraightltie
2(e- em) /..0.64
.L,-
X [)= 0.02 n~
wasfairedthroughalldatapotits(fig.21).
Thepointsplottedh figure21represent
from1($to 106,a rangeof x from1/2to ~
probetipheightfrom0.003to 0.016inch,and
numbersof2 and3. Eachpointinthisfime
(6)
a rangeinReynoldsnumber
tithes,anda rangeIn
wereobtatiedatMach
correspondstothe
arithmeticmeanoffrom5 to 10measuredprofiles,sothatmorethan
60tidividualboundarylayersurveysarerepresented.Thereforeno
doubtremainsthatthefriction-dragdiscrepancyfactoras givenby
equation(6)isvalidforflatplatefricticn-dragcoefficientsobtatied
undertheaforementimedconditimm.
It shouldbepointedout,however,that
basedontheparameter(h/x2)0”64,andthat
(h/x2)0”64 inequation(6)is.thereforenot
tionbasedon hd/x2,where d isthewidth
bedimensionallycorrectandcompatiblewith
thefhal correlationwas
thecoefficientof
dimensionless.A correla-
oftheprobeoperdng,would
equation(6)becaused
wasnotvariedappreciablyinthepresentests.Iftheprobeeffect
isassumedtobe primarilyoneoftiterference,thentheskin-friction
discrepancyfactorwouldbe expectedtoapproachzeroas d approached
zero.Butitisunlikelythata cor&elationlasedontheprobetip
area hd couldbe validforalltipshapes.Thus,thecompletecorre-
lationfactormightbe a functionofboth hd/x2 anda nondimensional
shapefactor.
A comparisonwithresultsofreferences3 and12 showsthatsuch
an additimalfactorisrequiredh thecorrelationequation(6).The
threepointsfromreference3,plottedinfigure21,wereobtainedat
.
—-. . . . . .. . . . . . . . . —a_
—— -——. —... —. —__ ..__ —. _ —— -.___ . ... .
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threedifferentvaluesof x withonevalueof h. Thepointfrom
reference12 (alsoshowninfig.21)representshearithmeticmean
ofseveralpotitsobtainedat constanth and ‘x,butat different
valuesof Ulfil.It istiterestingtonotethatthefriction-drag
discrepancyfactorfortheresultsofreference12wasagatiindepen-
dentof ul/vlfor Rex<106. Theresultsoftothreferencesme con-
siderablyhigherthanthefriction-dragdiscrepmcyfactorfoundin
thepresentstudy.Itappe=squitepossiblethata probetipshape
factorcouldbringaboutagreementforalldata,butno suchfactor
canbepredictedwithouta systematicvariatianofprobetipwidth.
Ontheother-, thefactthattheleading-edgeradiusofthe
plateusedinreference3 wasconsiderablyargerthanthatofthe
presentestsmayalsoaccountforthedifferenceinresults.
Offurtherinterestisthefactthatiftheexponentinequa-
tion(6)were2/3insteadof0.64,an equationofthefollowingform
wouldresult:
h 2/3
.()
2(e-6@=K —
&
(7)
whereK isagatidhensional.Thefactorh/-& appearstobe
mesn- becauseallboundarylayervariablesincreaseproportionally
to -@ Thesesamevariablesarealsoa functionof ul/Vl,however:
sothatthesignificanceofequation(7)isnotclearatpresent.
A theoreticalexplanatiauoftheprobeeffectisbeyondthescope
ofthepresentreport.Itisreasonabletobelievethatbotha distor-
tionoftheboundarylayercausedby thepresenceoftheprobeandthe
factthattheprobeisin a shearflowratherthana uniformflow
contributeothediscrepancy.Neithera displacementoftheeffective
centeroftheprobeofthe_itude predictedinreference13norm
areaweightingofthepressurefieldaheadoftheprobecanaccount
forthehighmeasuredvaluesof e. Theeffectofviscosityonprobe
reading(ref.14)appe=stobe importantonlyneartheplatesurface,
wherethemeasuredpointswerereplacedby a faired.curvetotheorigin,
sothatthemomentumthiclmessre,@nsunaffected.
Thefactthatthe&mentumdiscrepmcyfactorisindependentof
q/vi isinitselfdifficultto explain.At anygivenstationtm
boundq layerthicknesschangesas u~lv1 isvaried.At thesame
ttie,however,.thetotal-pressureg adientin
changes.Itisnotknownhowtheseandother
a constantvalueof 2(e- %)/x.
the boundarylayer
factorscombineto
also
yield
1
1;
.
——.. . . . ———. --———-—— —- -———————— -.—-——-— ..— ——
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An exadnationof @ and L9yprofilesforvarious
heightsat constantReyaoldsnumberal~ofailsto meld a
17
probetip
satisfactory
explanationftheprobeeffect.Typicalprofilesareshownin ‘
figures22and23. The @ profilesforprobes1 and4 arevery
similarinshape,whiletheprofileforprobe5 exhihitsa shifttothe
right.Thepeakneartheedgeoftheboundarylayerwhichispresent
h twooftheprofilesbecomesmoreapparentastheprobetipheight
isticreased.Thispeakisalsopresentinthe @y Prefiles(fig.23),
butingeneralitoocurswithintheboundmylayer.Allcorrelations
presentedhereinarelasedonvaluesof
‘Y obtainedatthevalueof
y where &/~y firstvanishes./
An examinationfthefactorstowhichmightbe attributedthe
diecrepancyhetweenm asuredandtheoreticalfriction-drag.coefficients~
hasthereforeshownthatonlyoneofthesefactors,namely,theprobe
effect,leadstoa positiveresult.Thefactthatprofilesmeasured
underidenticalconditionsbutwithprobesofdifferenttipheights
yielddistinctlydifferent,valuesof 0 isevidencenoughto establish
thiseffect.A correlaticmasgivenby equaticm(6)furtherindicates
thattheentirefriction-dragdiscrepancymaybe attributedtot-he
probeeffect,andthatifa hypotheticalprobeofvanishtigtip
heightwereemplo~d,theoreticalvaluesof e wouldbemeasured-
Furthersubstantiationoftheconclusionthatthefiictim-drag
discrepancymaybe attributedtotheprobeeffectisobtainedfrom
reference5,wheretheresultsofdirectmeasurementsoflocalskin-
frictioncoefficientsu ingthefloating-elementtechniquearereported.
Thesemeasurementsweremadeata Machn~ber of2.55ona flatplate
witha leadlng-edgeradiusof”lessthan0.0005tich.Iocalslc!n-
frictioncoefficients,whenplottedagainsta Reynoldsnumberbasedan
thedistancex fromtheleadingedge,agreee~ctlywiththetheory
of ChapmanandRubpsimforMl = 2.55.Averagefriction-dragcoeffi-
cientsobtatiedby titegratingtheselocalvalueswouldthereforealso
agreewiththeory.Thus,a frictibn-dragdiscrepancyfactorof zerois
obtainedwhenno probeispresentintheboundarylayer.
CONCLZIDRJGEMARRS
IYessure-probemeasurementsweremadeinthelamtiarbo&daq layer
developingona flatplateatfree-streamMachnumbersof 2 md 3. High
averagemeasuredflat-platefriction-dragcoefficients,whichhad
previouslybeenobse~ed,wereagainfoundh thepresentstud?.
Possibilitiesforerrorsuchastheeffectofthetotal-pressure
probem boundarylayermeasurements,heattransferthroughtheleading-
edgeregion,a changeinleading-edgeradiusandthestrengthofthe
.— ..—.—.-—.. .—..—
-.. ———.— —.—. ——..—
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leading-edgewave,md thepossibilityofearlytransitiontoturbulent
flowor %urstsofturbulence”wereinvestigatedforplateswithvery
sharplead- edges.Ofthesefactors,onlytheprobeeffectledto
positiveresults.
Total-pressureprobesofdifferenttipheightsplacedh a laminE&
boundarylayerdevelopingunderidenticalconditionswerefoundto
measuredifferentvaluesofaveragefriction-dragcoefficients.An
empirioalcorrelatimofthesemeasurementsindioatesthata probeof
vanishingheightwouldmeasurethetheoreticallypredictedvaluesof
averageflatplatefriction-dragcoefficients.
lkWiS ~i$ht ~opUh3iCIL Laboratory
NationalAdvisoryCammltteeforAeronautics
Cleveland,Ohio,November14,1952
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APP3NDIXA
SYMBOLS
ThefollowingsymbolsareusedM thisreport:
1
averagefriction-dragcoefficient,- r -@x
local
pitot
~P1UldJo ‘“
friction-dragcoefficient(eq.(3))
pressure
outsideheightofprobetip
constbtsofproportimality
l@chnumber
totalpressme “
staticpressure -
unperturbedpressureuse’dinerrorcalculations
gasCalstant
localstreamReynoldsnumberbasedondistancex
radiusof curvature
totaltemperature
.
ambientemperature
ofleadingedge
velocityin x-directicm
chordwisedistancemeas&edfromleadi&edgeparallelto stream
distancemeasuredperpendicularto platesurface
dimensionless
dimensimless
______ .. —-—.- ——-
velocityparameter
mass-flowparameter
t
_ .—— —— .--— ..— —-—
————. .
— .. -—.—-. — ..
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5* boundarylayerdisplacementthiclness
vii temperaturecoveryfactor
e bound~ layermomentumthickness
n parameterdeftiedby eq.(38)
v kinematicviscosity
P lI@SS density
‘c shearstress
Sulmcrlpts:
1 free-streamconditims
M measuredquantity
s upstreamstagnationconditions
T laminarbounda&ylayertheory
w conditionsatplatesurface
Y conditionsevaluatedatdistmce y fromplatesurface
r
N
-a
C1’1
cl
+
.
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AEPE%DIXB/
REDUCTIONOFDATA ‘
By JaclsM. Iande
Theexpertientaldatawereevaluatedly 31Mmach3nesutilizinga
systemofdatareductioncapableofhandlingmanyq~ssesofgasflow
problems.Theapplicationfthissystemto thereductionofbound~y
layerdataisdiscussedherein.Althoughonlythecaseofthelaminar
boundarylayerwithconstantstaticpressureandccnstemtotaltemper-
aturewasconsideredinthemainpartoftherepoti,.them thodofcal-
culationpresentedh thisappendix,appliestobothlamlnarandturbulent
boundarylayerswithvarytngstaticpressure.mdtotaltemperature.
Ihgeneral,thefollow& quantitiesaremeasumdinboundarylayer \
studies:
H(y) pitotpressure
p(y) staticpressure
TM(Y) measuredtemperature
Velocityandtemperatureprofiles,inadditiontomomentumanddisplace-
mentthictiess,aredesiredasa resultof calculations.Thecalcula-
tionscanbe greatlysimplifiedwiththeaidofthefolluwingnon@imen-
sionalq.zmtities(ref.8):
a=%=~ (Bl)
p=-
P
(B2)
*=$, (B3)
Eachofthesequantitiesisuniquelyrelatedto’theratio p/H.
Themomentumanddisplacementthicknessesfor h/ay = O “and
aqay+ O become -
J+E ldy-&-—‘“!% @ J a$dy (B4)
.
<.. —_. __._.— - ___ —.— _ . . -. -.
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(B5)
Themomentumthicknesse isno longersignificantinthecalcu-
lationofskin
J
(@ + l)Pd,
Thefirst
frictionfor &/by ~ O;= this-casetheintegral
isrequired.
stepinthecalculationftheaforementionedquantities
isthetemperature-andmanometerfluidcorrectimofmeasured‘pressures
andthedeterminationof p/H.
Calculationf a. - Thevelocityparametera isrelatedto T/H
ly theisentropicflawequation
[012~2 =71- p -7E (B6)
forMachnumberslessthan1,and%y theRayleigh-equation
() 5#=(3@-0 (7- a?)2(36)6a14 (B7)
forMachnumbersgreaterthan1. (Theratioofspecificheats 7 was
takenas 1.4h eqs.(B6)and(B7).)
Thedifficultiesitierenth calculatinga fromtheseexpressions
areovercmeby thedeftiitiona dcalculationfan intermediate.
quantityx whichisdefinedby
a.
A tabledeckof x
functionof p/H canbe
42(1 - p/H)[1+
andtheslopeof
preparedwiththe
Fora givenboundarylayerprofile,x
x ata givenpointasa
aidofequations(B6) to (133).
canthenbe obtainedforeach
valueof p@ by linear-int&po-btion& thetabledeck. Finally,a
isobtainedby substitutionfcorrespondingvaluesof x and p/H into
equation(Ml).
Calculationf p.- Thequantitiesa and f3canbe relatedthrough
theequationofstate
p=pRt (B9)
.
.
—
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andthecme-dtiensionalenergyequation,which
Fora constantvalueofspecificheatand
(B9),and(B1O)fieldthefollowingexpression
P=+
7 -a
Thisexpressionwasusedto calculate~
valuesof a.
Calculatimof @. - Theproductof
for @
@
7a2
=—
72-a
from
23
canbe expressedas
(B1O)
7 = 1.4,equations(Bl),
for p:
(Bll)
preciouslydetemnined
equations(Bl)and (Bll)gives
(B12)
Calculaticmof $/dT. - Themeasuredtemperature~ isrelated
to thelocalstatictemperatureby
‘M
—=
t l+&qt M2 (B13)
where qt is
expressionis
of C@:
thetemperatureprolerecoveryfactor.Thefollowing
obtainedfromequations(B13) and (B1O)andthedefinitions
Calculationfintegrals.- Thein~egrationsofthe
(B14)
quantities
Stirling’sparalolicruleforboththelamtiarandturlulentcases.
Nearthewall,however,wheredatapointsareunreliable,twoclifferent
proceduresarerequiredforthe,lamtiarmd turbulentcases.
Becausethevelocityprofilenearthewall
layerisnearlylinear,andbecausethedensity
heattransferisnearlyconstmt,thefo.llowing
fora lamtiarboundary
undercmditionsofzero
expressionsareused:
- —--.—--—- .-. —.. —.————. ____ _,_ . _ -—.——- .——- —— .. —-
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.
(B15)
Theseresults,togetherwiththeassumptiaof constantp and T, are ,
therefcmeusedto evaluat~theintegralsfortheftistpointsina-laminar
boundarylayer.
N’
Forturbulentboundarylayers thefozzuof ~ and @ nearthewall
4m
Isdeterminedemptiically.
Oa
Thefollowingexprbsstons,basedonavailable
turbulentboundarylayerdata,
P = al#~2 +
or
P = #@(sly
aresuggetiedfor p: -
+ az$ + a3$ + a4y4)
Thequantity@ isusuallywellrepresentedby
@ = bly+ b2# + b3@ + b4#
(B16)
(B17)
.
.
Equations(B16) and(B17)togetherwiththeassumptimsof constant
staticpress~eandconstantotaltemperatureareusedto evaluatethe
tite~alsforthepointsnearthewallintheturbulentcase.
Combinationsoftheseintegralsfieldthemomentumthictiess0
andthedisplacementthickness5*.
Significantdigits. -Allcalculationsarecarriedoutto fiveor
moredigits,whichissufficientinrelationtotheinstrumentationused
h obtainingtheexperimentaldata.
.
Calculatimtime.- Theactualmachinetimerequiredto obtain
resultsfora givenboundarylayerprofileisminor.Ithasbeenfound,
however,thatdataobtatiedcluinga givenmorningtswindtunuel run
(about4 profilesofabout35pointseach)canbe reducedby one
operatorduringtheafternocmofthesameday. b thatmannerresults
ofa setoftestsarebown beforethenextsetoftestsisbegun.Many
moreprofilescouldbe handledattheseinetime,butforthepresent
teststhefeatureofimmediatedataanalysisoutweighedtheeconomyof
accumulatinga reatamountofdatabeforereductionwasbegun.
.
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